The plant circadian clock generates rhythms with a period close to 24 h, and it controls a wide range of physiological and developmental oscillations in habitats under natural light/dark cycles. Among clock-controlled developmental events, the best characterized is the photoperiodic control of fl owering time in Arabidopsis thaliana . Recently, it was also reported that the clock regulates a daily and rhythmic elongation of hypocotyls. Here, we report that the promotion of hypocotyl elongation is in fact dependent on changes in photoperiods in such a way that an accelerated hypocotyl elongation occurs especially under short-day conditions. In this regard, we provide genetic evidence to show that the circadian clock regulates the photoperiodic (or seasonal) elongation of hypocotyls by modulating the expression profi les of the PIF4 and PIF5 genes encoding phytochrome-interacting bHLH (basic helix-loop-helix) factors, in such a manner that certain short-day conditions are necessary to enhance the expression of these genes during the night-time. In other words, long-day conditions are insuffi cient to open the clock-gate for triggering the expression of PIF4 and PIF5 during the night-time. Based on these and other results, the photoperiodic control of hypocotyl elongation is best explained by the accumulation of PIF4 and PIF5 during the night-time of short days, due to coincidence between the internal (circadian rhythm) and external (photoperiod) time cues. This mechanism is a mirror image of the photoperiod-dependent promotion of fl owering in that plants should experience long-day conditions to initiate fl owering promptly. Both of these clock-mediated coincidence mechanisms may coordinately confer ecological fi tness to plants growing in natural habitats with varied photoperiods.
Introduction
A major focus in the fi eld of plant biology is the mechanism by which the circadian clock generates rhythms with a period close to 24 h. In fact, the expression of numerous clock-controlled genes oscillates diurnally at the level of transcription in the model plant Arabidopsis thaliana ( Covington et al. 2008 , Michael et al. 2008 ). More specifi cally, over half of expressed genes are diurnally regulated ( Michael et al. 2008 ) , and/or nearly one-third of expressed genes are circadian regulated in seedlings ( Covington et al. 2008 ). This fact implies that the circadian clock plays roles in a wide range of physiological processes. During the last decade, a number of Arabidopsis clock-associated protein components have been identifi ed, providing unprecedented general insights into the plant clock system ( McClung 2006 , McClung 2008 . The representative clock components are a pair of homologous transcription factors, CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) ( Schaffer et al. 1998 , Wang and Tobin 1998 , Mizoguchi et al. 2002 , and fi ve members of the small PSEUDO-RESPONSE REGULATOR (PRR) family consisting of PRR9, PRR7, PRR5, PRR3 and PRR1/TIMING OF CAB2 EXPRESSION 1 (TOC1) , Matsushika *Corresponding author: E-mail, yamasino@agr.nagoya-u.ac.jp Fax, +81-52-789-4091. et al. 2000 , Strayer et al. 2000 . In addition to an initial single feedback loop model involving CCA1/LHY and TOC1 ( Alabadi et al. 2001 ) , several improved versions of interlocking multiloop clock models are currently envisaged by taking many other clock components into consideration ( Gardner et al. 2006 , McClung 2006 , McClung 2008 . Computational models were also proposed to simulate the expression patterns of some clock-controlled genes successfully ( Locke et al. 2006 , Zeilinger et al. 2006 .
Most of those current clock-oriented experiments in plants were carried out under continuous light (or dark) conditions, in order to understand the characteristics of free-running rhythms in the absence of an external time cue. However, the circadian clock is implicated in a wide range of biological oscillations in plants growing in natural habitats, including movement of organs such as leaves and petals, opening of stomata, and photosynthetic activities in response to diurnal changes under ambient light/dark cycles ( Mas 2005 , Yakir et al. 2006 , Hotta et al. 2007 . Hence, it is crucial to understand how the biological clock regulates downstream output events under natural light/ dark cycles.
In this context, there has been the best-characterized precedent, namely the clock-mediated seasonal control of fl owering time. Arabidopsis thaliana is a facultative long-day plant, meaning that it fl owers promptly in response to a long-day photoperiod Kay 2003 , Searle and Coupland 2004 ) . Clock-defective mutants almost exclusively display an altered phenotype of early or late fl owering time, implying a key role for the circadian clock in the photoperiodic control of fl owering time (see Table 1 ). The so-called photoperiodic fl owering pathway has been well characterized, in which the key player is the CONSTANS ( CO ) gene ( Imaizumi and Kay 2006 ) . The expression of CO is under the control of the circadian clock, and shows biphasic expression peaks both in the late daytime and at night-time in long days. Coincidentally, CO protein is stabilized in the presence of external light, and actively promotes the transcription of FLOWERING LOCUS T ( FT ), the protein product of which moves to the shoot apical meristem and induces differentiation of the fl oral meristem (Corbesier and Coupland 2006, Kobayashi and Weigel 2007 ) . Hence, the essence of the photoperiodic fl owering pathway is best explained by coincidence between internal (circadian clock) and external (seasonal photoperiod) time cues.
In A. thaliana , the mechanisms underlying the regulation of hypocotyl elongation have been documented comprehensively in the literature, in which the light-and/or phytohormone-mediated signaling pathways have mainly been emphasized ( Vandenbussche et al. 2005 , Nozue and Maloof 2006 , Alabadi and Blazquez 2009 . In this respect, another hallmark phenotype common to many circadian-defective mutants is abnormally long or short hypocotyls , see Table 1 ). Since this ( Huq et al. 2000 , Sato et al. 2002 , Mas et al. 2003 . Based on the current consistent background, introduced below, here we explore the molecular mechanisms by which the circadian clock regulates the elongation of hypocotyls, in the hope of addressing the issue of how the circadian clock system controls downstream output pathways under natural light/dark cycles. The most recent progress that is closely relevant to the issue of this study is summarized briefl y, as follows. (i) The major red light photoreceptor phytochrome B (phyB) plays a prominent role in the regulation of hypocotyl elongation in response to light ( Quail 2002 ) . The light-activated (Pfr) form of phyB interacts directly with its downstream target proteins, PHYTOCHROME INTERACTING FACTOR 4 and 5 (PIF4 and PIF5) Quail 2002 , Khanna et al. 2004 ) . PIF5 is also known as PIL6 (PIF-LIKE 6) ( Fujimori et al. 2004 ) . They are homologous basic helix-loop-helix (bHLH) transcription factors that promote elongation of hypocotyls ( Fujimori et al. 2004 , Duek and Fankhauser 2005 , Monte et al. 2007 ). The light-activated phyB induces protein degradation of PIF4 and PIF5, thereby inhibiting elongation of hypocotyls in the presence of light. (ii) Among many plant hormones that are involved in hypocotyl elongation of seedlings, the light-regulated effect of gibberellin on hypocotyl elongation is prominent ( Vandenbusssche et al. 2005 , Nozue and Maloof 2006 , Newhauser 2008 . There is a direct crossregulation between the light-phyB-PIF4/5 signaling pathway and the light-gibberellin action on hypocotyl elongation during early photomorphogenesis ( Djakovic-Petrovic et al. 2007 , Achard et al. 2008 , Alabadi et al. 2008 , de Lucas et al. 2008 , Feng et. 2008 . The gibberellin-dependent modulators (GAI, RGA, RGL1, RGL2 and RGL3, collectively designated as DELLA) are capable of interacting directly with the PIF4 and PIF5 proteins, in such a manner that DELLA inhibits their activities (for a recent review, see Davier et al. 2008 ) . Together with the fact that gibberellin induces the protein degradation of DELLA in a manner dependent on the light signal ( Alabadi et al. 2008 ) , it is postulated that this phytohormone promotes hypocotyl elongation of seedlings through activating the PIF4 and PIF5 proteins. (iii) Finally, it should also be mentioned that Nozue et al. (2007) described a phenomenon of rhythmic hypocotyl elongation of young Arabidopsis seedlings (for a review, see Breton and Kay 2007 ) . They found that hypocotyl elongation occurs diurnally at the end of every night. They also found that the circadian clock regulates the transcription of PIF4 and PIF5 , so as to be coincidentally enhanced at that time. Taken together, it was currently believed that the PIF4 and PIF5 proteins are capable of integrating the light, hormone (gibberellin) and clock signals to regulate hypocotyl elongation properly during early photomorphogenesis.
Based on the current background with regard to the regulation of hypocotyl elongation, here we provide compelling genetic evidence to propose the novel view that the circadian clock regulates not only the daily response but also the seasonal response of hypocotyl elongation. At the molecular level, we show that the circadian clock modulates the expression profi les of PIF4 and PIF5 in such a manner that certain lengths of dark period are necessary to enhance the expression of PIF4 and PIF5 during the night-time. Hence, the photoperiodic control of hypocotyl elongation was best explained by the stable accumulation of the proteins PIF4 and PIF5 during the night-time, due to coincidence between the internal (circadian rhythm) and external (photoperiod) time cues specifi cally in short days. In general, these proposed views of this study substantially extend our knowledge with regard to the circadian clock-controlled output pathways. The physiological and/or ecological relevance of our views as to clockcontrolled plant growth will also be discussed.
Results

Hypocotyl elongation of seedlings under light/dark cycles
Arabidopsis seedlings (accession Columbia, Col) were grown on MS gellan gum plates under 24 h light/dark (LD) cycles with varied photoperiods, including continuous light (LL) and continuous dark (DD) conditions. After incubation for 3, 5 and 7 days after germination (DAG), hypocotyl lengths were measured and plotted against the length of the dark period experienced by the plants ( Fig. 1A ) . When grown under 3 h dark/21 h light (3D/21L) cycles (or long-day conditions), hypocotyls were short and similar to those of seedlings grown in LL. When grown under 21D/3L cycles (or short-day conditions), conversely, the hypocotyls were long and comparable with those of etiolated seedlings in DD. We considered that if the dark periods were the sole determinant of the hypocotyl length of seedlings, the observed responsive curve would (or should) be linearly proportional to altered dark periods ( Fig. 1A ) . However, the fact was that the resulting response curve of hypocotyl elongation was non-linear. This curious phenomenon was commonly observed for other Arabidopsis accessions, Landsberg erecta (L er ), C24 and Wassilewskija (WS) ( Fig. 1B ) . We assumed that the acceleration of hypocotyl elongation is a short-dayspecifi c event. This is reminiscent of the circadian clockmediated photoperiodic control of fl owering time, which is a long-day-specifi c event (see Introduction; also see Pouteau et al. 2008 ) . In this study, we wanted to understand the molecular mechanism underlying this curious regulation of hypocotyl elongation.
Photoperiodic response of hypocotyl elongation
It was fi rst suspected that hypocotyl elongation might be regulated merely by the total intensity of light applied within a day, and the effective light intensities may have already saturated the maximal threshold under certain long-day conditions. Alternatively, the determinant of hypocotyl elongation may be the photoperiod itself. To test these possibilities, hypocotyl elongation was measured under varied light intensities and photoperiods ( Fig. 1C ) . The results indicated that photoperiods, but not total light intensities, were the determinant of the response curve. This conclusion was confi rmed by replicated experiments with different light intensities and photoperiods (Supplementary Fig. S1 ). We tentatively termed this phenomenon 'photoperiodic response of hypocotyl elongation'. In these experiments, we also observed cotyledon expansion and chloroplast development (or greening) ( Fig. 1D ). Characteristic differences were evident in overall morphologies of seedlings with cotyledons and juvenile leaves, depending on the photoperiod applied. However, the traits appeared to be too complex to deal with quantitatively in this study. For simplicity, hereafter we focused mainly on the molecular basis of the photoperiodic response of hypocotyl elongation.
PhyB-mediated pathway in the photoperiodic response of hypocotyl elongation
Based on current knowledge about the early photomorphogenesis of Arabidopsis seedlings (see Introduction), some experiments were carried out in order to gain preliminary insights into the molecular components implicated in the photoperiodic response of hypocotyl elongation. We fi rst employed a loss-of-function mutant of the red light photoreceptor phyB, which plays a prominent role in the regulation of hypocotyl elongation in response to red light. The phyB-9 mutant seedlings had longer hypocotyls than the wild-type seedlings in every photoperiod tested, with the exception of DD ( Fig. 2A ) . In contrast to the wild-type seedlings, the hypocotyl lengths of phyB-9 seedlings appeared to be rather proportional to the dark period, suggesting that PHYB-dependent light signal transduction is implicated in the mechanism underlying the photoperiodic response of hypocotyl elongation. According to current understanding, the light-activated (Pfr) form of phyB interacts directly with the downstream target proteins PIF4 and PIF5, both of which act as transcriptional factors that promote elongation of hypocotyls ( Fujimori et al. 2004 , Duek and Fankhauser 2005 , Monte et al. 2007 . Therefore, the impact of PIF4 and PIF5 on hypocotyl elongation was confi rmed with transgenic lines overexpressing the PIF4 and PIF5 transcripts ( Fig. 2B ). Seedlings of these transgenic lines (PIF4ox and PIF5ox) showed markedly elongated hypocotyls in every photoperiod, supporting the current idea that PIF4 and PIF5 serve as positive regulators for hypocotyl elongation.
Gibberellin-mediated pathway in the photoperiodic response of hypocotyl elongation
Among plant hormones important for hypocotyl elongation of seedlings, we specifi cally focused on gibberellin because there is a direct link between the light-phyB-PIF4/5 signaling pathway and the action of gibberellin on hypocotyl elongation (see Introduction). In fact, the gibberellin-dependent modulators (or DELLA) are thought to interact directly with PIF4 and PIF5 to inhibit their activity. Together with the fact that gibberellin induces the protein degradation of DELLA, it also promotes hypocotyl elongation of seedlings through activation of PIF4 and PIF5 ( Alabadi et al. 2008 , de Lucas et al. 2008 , Feng et al. 2008 , for a review, see also Davier et al. 2008 ) . As expected, gibberellin promoted hypocotyl elongation of seedlings in every photoperiod tested ( Fig. 2C ). In contrast to the phyB-9 photoreceptor mutant, the photoperioddependent profi le was still evident in the gibberellin-treated seedlings. These results suggest that the GA-DELLA-PIF4/5 pathway regulates hypocotyl elongation in a manner parallel to the phyB-PIF4/5 pathway.
Preliminary insights into the mechanism underlying the photoperiodic regulation of hypocotyl elongation
The above results provided us with preliminary insights into the mechanism underlying the photoperiodic regulation of hypocotyl elongation, as follows. (i) The light-phyB-PIF4/5 pathway plays a role in the photoperiodic control of hypocotyl elongation ( Fig. 2A ). (ii) However, this light-phyB pathway at the post-transcriptional PIF4/5 level is not sufficient to explain the phenomenon in question fully, because it is known that the expression of PIF4 and PIF5 fl uctuates markedly diurnally at the transcriptional level ( Fujimori et al. 2004 , see also the microarray database at http://diurnal.cgrb. oregonstate.edu ). (iii) Indeed, this diurnal regulation of PIF4 and PIF5 at the level of transcription appears to be crucial for the photoperiodic response of phyocotyl elongation, because the constitutive transcription of PIF4 and PIF5 resulted in a complete abolishment of the non-linear response curve ( Fig. 2B ). (iv) In this respect, phyB does not directly affect the diurnal transcription profi les (or amplitudes) of PIF4 and PIF5 (see the transcription profi les of PIF4 and PIF5 in the phyB-9 mutant in the database at http://diurnal.cgrb.oregonstate.edu/ ). Taken together, it was reasonably deduced that there must be another critical determinant(s) which controls the PIF4 and PIF5 activities in response to the photoperiod in a non-linear manner at the level of transcription. (v) In this regard, the possible candidate gibberellin was dismissed ( Fig. 2C ) . Hence, the most probable candidate that could be presumed to have such a sophisticated role is the circadian clock.
Photoperiodic response of hypocotyl elongation in clock-defective mutants
To test if the circadian clock is implicated in the photoperiodic control of hypocotyl elongation, the most rational and direct approach is to characterize certain mutant seedlings lacking the clock function. Here, we employed a large set of clock-defective mutants or transgenic lines ( Table 1 ) , which are all in the unifi ed Col background ). First, the toc1-2 single and cca1-1 lhy-11 double mutants were examined ( Fig. 3A ) . In the toc1-2 seedlings, the photoperiodic response curve was altered in such a way that its effective threshold of the photoperiod was shifted towards a shorter dark period. In contrast, the photoperiodic response curve in the cca1-1 lhy-11 mutant was altered in such a way that its effective threshold of the photoperiod was shifted toward a longer dark period. These results are consistent with the idea that the circadian clock plays a role in the photoperiodic response of hypocotyl elongation, at least in part.
If the circadian clock does indeed play a role, certain clock-defective seedlings should show a markedly altered (or linear) photoperiodic response curve (see Fig. 1A ). To test this, we characterized the CCA1ox and TOC1ox transgenic lines, which overexpress the CCA1 and TOC1 transcripts, respectively. These clock-defective seedlings exhibited considerably altered photoperiod response curves ( Fig. 3B ) . Notably, the profi les observed for CCA1ox and TOC1ox contrasted with those observed for, respectively, the cca1-1 lhy-11 double and toc1-2 single mutants (see Fig. 3A ). We further employed the clock-defective prr9-10 prr7-11 prr5-11 triple mutant ( Fig. 3C ). The clock function of this triple mutant is severely defective in the sense that this mutant shows an arrhythmia phenotype even under light/dark and hot/cold cycles ( Yamashino et al. 2008 ) . Like the CCA1ox seedlings, the prr9-10 prr7-11 prr5-11 seedlings also showed longer hypocotyls in proportion to the dark period. From these results, we concluded that the circadian clock is involved in the photoperiodic response of hypocotyl elongation.
Furthermore, it is worth mentioning that the promotion of hypocotyl elongation in these clock mutants was not observed when they were examined in LL ( Fig. 3 ). This is in sharp contrast to the results observed for the phyB-9 mutant, the PIF4ox transgenic line and the gibberellin-treated seedlings, in which accelerated hypocotyl elongation was evident even in LL ( Fig. 2 ). This suggests that the light/dark cycle is a cue for the photoperiodic response of hypocotyl elongation, and this is consistent with the view that the entrained circadian clock is involved in the event.
Photoperiodic response of hypocotyl elongation and clock-controlled expression of PIF4 and PIF5
The next question was: how does the circadian clock regulate the hypocotyl elongation in response to the photoperiod in a non-linear fashion? As reported previously, the circadian clock controls the diurnal expression of PIF4 and PIF5 in such a way that the transcripts exhibit rhythmic peaks every morning ( Fujimori et al. 2004 ). Therefore, we examined the diurnal expression profi les of PIF4 and PIF5 in the clock-defective mutants, compared with the wild type. In CCA1ox, PIF4 and PIF5 were expressed at higher levels throughout the day and night, if not constitutively ( Fig. 4A ) . We also employed the prr9-10 prr7-11 double and prr9-10 prr7-11 prr5-11 triple mutants ( Table 1 ). In both the mutants, the altered and linear photoperiodic response patterns were confi rmed ( Fig. 4B, C , upper panels) . In these mutants, the expression levels of PIF4 and PIF5 were highly constitutive even during the night-time ( Fig. 4B, C , lower panels) . Taken together, we hypothesized that the circadian clock controls the photoperiodic response of hypocotyl elongation by modulating the rhythmic expression profi les of PIF4 and PIF5 .
Examination of diurnal expression profi les of PIF4 and PIF5 under different photoperiodic conditions
We needed to verify the above hypothetical view in the wildtype background ( Fig. 5A ). To this end, diurnal expression profi les of PIF4 and PIF5 were examined in Col seedlings, grown for 15 d in 5D/19L ( Fig. 5B ), 14D/10L ( Fig. 5C ) and 19D/5L ( Fig. 5D ). The toc1-2 seedlings were also analyzed in 14D/10L to compare them with the results from Col ( Fig. 5C ). When these results were compared, it was revealed that the expression levels of PIF4 and PIF5 in Col fl uctuate during the dark period such that higher expression levels become more pronounced when seedlings were grown in a longer dark period. Coincidentally, the seedlings showed longer hypocotyls in proportion to the levels of PIF4 and PIF5 during the night-time. Also, the night-time expression levels of PIF4 and PIF5 were signifi cantly elevated in toc1-2 in 14D/10L; under these conditions, the mutant exhibited considerably longer hypocotyls than Col ( Fig. 5A ). These results were consistent with the view that the circadian clock controls the photoperiodic response of hypocotyl elongation by modulating the rhythmic expression patterns of PIF4 and PIF5 .
General consideration as to the mechanism underlying the photoperiodic response of hypocotyl elongation
The results of this study taken together ( Figs. 1-5 ) allowed us to deduce a signaling framework underlying the photoperiodic control of hypocotyl elongation ( Fig. 6A ). According to this framework, the photoperiod-dependent clock pathway, the light-induced phyB pathway and the gibberellinmediated DELLA pathway are all converged onto the same hub proteins, PIF4 and PIF5. However, these pathways each modulate PIF4 and PIF5 activities through a different mode of action (denoted by a, b and c in Fig. 6A ). The gibberellin-DELLA pathway regulates PIF4 and PIF5 activity through direct protein-protein interaction ( Djakovic-Petrovic et al. 2007 , Alabadi et al. 2008 , de Lucas et al. 2008 . The phyB pathway triggers degradation of PIF4 and PIF5 by binding directly to them in response to light ( Huq and Quail 2002 , Khanna et al. 2004 , Monte et al. 2007 ). Finally, the clock pathway controls the diurnal expression profi les of PIF4 and PIF5 at the level of transcription in a manner dependent on the photoperiod, as demonstrated in this study. In this last respect, it should be recalled that the periodic light/dark cycle (not the duration of the dark period) is an important cue for the circadian clock-controlled hypocotyl elongation (see Figs. 2 , 3 ) . This is consistent with the general concept that the periodic light/dark cycles with 24 h intervals are necessary to make it possible for the circadian clock to keep entraining to local and seasonal times ( McClung 2006 ) .
Specifi c consideration as to the mechanism underlying the photoperiodic response of hypocotyl elongation
Obviously, the proposed network ( Fig. 6A ) is only a part of the highly sophisticated circuitry that is responsible for the complicated processes of early photomorphogenesis. For instance, the proposed framework does not include the wellcharacterized CONSTITUTIVE PHOTMORPHOGENIC 1-ELONGATED HYPOCOTYL 5 (COP1-HY5) pathway ( Newhauser 2008 ) . Hence, we needed to test whether or not the proposed framework is central to the photoperiodic response of hypocotyl elongation, as follows.
We fi rst evaluated the light-phyB-PIF4/PIF5 pathway by employing a phyB-9 pif4-101 pif5-1 triple loss-of-function mutant ( Table 1 ). Hypocotyl lengths of the mutant seedlings were examined under the 12L/12D conditions in comparison with those of the phyB single mutant ( Fig. 6B ) . The results were consistent with the current view that the lightphyB-mediated hypocotyl elongation is partly dependent on the functions of PIF4 and PIF5 ( Fujimori et al. 2004 , Duek and Fankhauser 2005 , Monte et al. 2007 ). We then evaluated the light-gibberellin-PIF4/PIF5 pathway by employing a pif4-101 pif5-1 double mutant. The mutant seedlings were examined in the presence and absence of gibberellin under the 12L/12D conditions ( Fig. 6C ) . The results were also consistent with the current view that the light-gibberellinmediated hypocotyl elongation is dependent on the functions of PIF4 and PIF5 ( Alabadi et al. 2008 , Davier et al. 2008 , de Lucas et al. 2008 , Feng et al. 2008 . Nevertheless, these results also indicated that the phyB and gibberellin pathways are not absolutely dependent on the functions of PIF4 and PIF5, because both the pif4-101 and pif5-1 lesions were not fully epistatic over the phyB mutant and the effect of gibberellin application. It was thus suggested that as yet unidentifi ed factors (Xs) appear to be implicated downstream, as also integrated into Fig. 6A . Fig. 4 Characterization of the photoperiodic response of hypocotyl elongation with reference to the diurnal expression profi les of PIF4 and PIF5 . (A) As described in Fig. 3 , the photoperiodic response of hypocotyl elongation was reproducibly analyzed with the CCA1ox transgenic line at 5 DAG. Both the Col and CCA1ox plants were grown in the 14 h dark/10 h light photoperiod conditions for 10 d, and then RNA samples were prepared for every 3 h interval. They were analyzed by qRT-PCR with special reference to the diurnal expression profi les of PIF4 and PIF5 . The qRT-PCR data were the averages with the SD of three experimental replicates, and they were plotted against the timings of sampling (gray rectangle, dark period; open rectangle, light period). (B) Essentially the same analyses were carried out with the prr9-10 prr7-11 double mutant. (C) Essentially the same analyses were also carried out with the prr9-10 prr7-11 prr5-11 triple mutant. Other details were given in Materials and Methods.
The circadian clock regulates the photoperiodic regulation of hypocotyl elongation in a manner independent of the phyB-PIF4/5 pathway
To verify the importance of the clock-mediated pathway, a prr7-11 prr5-11 phyB-9 triple mutant was examined ( Fig. 6D ,  left) . It was shown that both the prr7-11/prr5-11 mutations affect the hypocotyl elongation in an additive manner to the phyB-9 mutation. This result indicated that the clockmediated pathway plays a critical role in the regulation of hypocotyl elongation in a manner additive to, and independent from, the phyB-mediated pathway. Furthermore, the prr7-11 prr5-11 phyB-9 triple mutant was examined in the presence of gibberellin. Under the experimental conditions, since all of the three negative pathways (i.e. a, b and c) must largely be canceled out, the resulting hypocotyls were expected to be extremely long in any photoperiod, and this was indeed the case ( Fig. 6D , right) . We also examined the hypocotyl length of PIF4ox seedlings in the presence of gibberellin ( Fig. 6D , right) . The lengths of the PIF4ox hypocotyls in LL were extremely long, like those of etiolated seedlings in DD, in a manner almost independent of the photoperiod (see also Supplementary Fig. S2 ). Taken together, these results strongly supported the idea that the inferred framework in Fig. 6A is central to the photoperiodic regulation of hypocotyl elongation, in which the circadian clock plays a crucial role.
Evidence for a clock-mediated coincident mechanism underlying the photoperiodic response of hypocotyl elongation
Based on the compiled data and interpretation mentioned above, the most plausible scenario for the photoperiodic control of hypocotyl elongation was hypothesized. As schematically illustrated in Fig. 7 , regardless of photoperiodic conditions, and also regardless of PIF4 and PIF5 mRNA abundance, it is assumed that PIF4 and PIF5 proteins are degraded during the daytime through the phyB pathway. This lightdependent degradation of PIF5 in plants was confi rmed in this study with PIF5-HAox seedling (see the inset in Fig. 6A ). In addition, residual PIF4 and PIF5 activity must also be inhibited through interaction with DELLA in the presence of light (or in the absence of gibberellin). Hence, hypocotyl elongation is attenuated whenever seedlings are in the presence of light. In this respect, the circadian clock closes the gate for the transcription of PIF4 and PIF5 during the night in long days, as demonstrated ( Fig. 5B ) , and as illustrated ( Fig. 7 , upper left). In short days, however, the clock opens the gate at the end of every night, so that PIF4 and PIF5 mRNA is accumulated in the dark, as demonstrated ( Fig. 5D ), and as illustrated ( Fig. 7 , upper right) . Consequently, PIF4 and PIF5 proteins accumulate specifi cally in short days because the active forms of phyB and DELLA are not present coincidentally at that time, thereby resulting in a coincident elongation of hypocotyls. In short, the PIF4/PIF5-dependent photoperiodic response of hypocotyl elongation is best explained by coincidence between the clock-controlled internal and the photoperiod-mediated external time cues.
We evaluated this proposed model experimentally by employing the clock-defective prr7-11 prr5-11 mutant, together with the pif4-101 pif5-1 double mutant. According to the model, the photoperiod-dependent gating effect is severely perturbed in certain prr multiple mutants, so that the PIF4 and PIF5 transcripts are highly (or constitutively) accumulated even during the night-time of long days (see Fig. 4 ). In such clock-defective mutants, the elongation of hypocotyls is accelerated in a manner simply proportional to the dark period, as demonstrated ( Fig. 3 , and see the lower part of Fig. 7 ) . Furthermore, the result from the pif4-101 pif5-1 double mutant indicated that the photoperiodic response of hypocotyl elongation is largely, if not absolutely, dependent on the functions of PIF4 and PIF5 ( Fig. 7 , and  Supplementary Fig. S3) (later, see also Fig. 9D ). Taking the results of Fig. 6B and C also into consideration, these results suggested that the clock-PIF4/5 pathway is the major Fig. 7 A proposed coincident model to explain the molecular mechanism underlying the photoperiodic control of hypocotyl elongation. The scenario is schematically depicted, and details were explained in the text. It may also be worth mentioning that Nozue et al. (2007) reported the diurnal rhythmic elongation of hypocotyls during the late night under short-day conditions. This diurnal event appears to be a facet of the proposed mechanism, which manifests particularly in a short-day-specifi c manner, as indicated. To investigate the involvement of the function of PIF4 and PIF5 proposed above in the photoperiodic control of hypocotyl elongation, analyses of the photoperiodic response of hypocotyl elongation were carried out at 5 DAG by employing the pif4-101 pif5-1 double loss-of-function mutant. determinant for the photoperiodic control of hypocotyl elongation ( Fig. 7 , lower part) . However, it should be noted that the results also suggested that an as yet unidentifi ed factor other than PIF4 and PIF5 most probably plays the redundant role (see also Fig. 6A ), because the photoperiodic response of hypocotyl elongation is still observed to some extent even in the pif4-101 pif5-1 double mutant.
Additional supportive evidence for the clockmediated photoperiodic response of hypocotyl elongation
We showed earlier that both the cca1 lhy and TOC1ox seedlings exhibited shorter hypocotyls, relative to Col (see Fig. 3 ). These events were opposite to those observed for CCA1ox and toc1-2 . We were challenged by the last and critical argument that the altered photoperiod responses of cca1 lhy and TOC1ox should also be explained by the alteration of PIF4 and PIF5 expression profi les. To test this, the cca1 lhy double mutant was grown in 19D/5L ( Fig. 8A ), while the TOC1ox line was grown in 14D/10L ( Fig. 8B ). Under the photoperiodic conditions tested, both of these clock-defective seedlings display shorter hypocotyls, as compared with Col (see upper panels). In these clock-defective seedlings with shorter hypocotyls, the results were consistent with the coincidence model in that the expression levels of PIF4 and PIF5 during the night-time were considerably reduced, relative to Col.
Discussion
The circadian clock regulates hypocotyl elongation of seedlings by measuring altered photoperiods in a short-day-specifi c manner
In this study, we found that the rates of hypocotyl elongation in seedlings are considerably dependent on the photoperiod in a non-linear manner ( Fig. 1 ) . We provided extensive genetic evidence to show that the circadian clock is involved in this photoperiodic (or seasonal) regulation of hypocotyl elongation by modulating the expression profi les of the PIF4 and PIF5 genes ( Figs. 3-8 ). It should be emphasized that this clock-mediated pathway ( Fig. 6 , pathway a) is independent of the phyB-mediated pathway ( Fig. 6 , pathway b) , at least partly, as clearly shown in Fig. 6B . It appears that the circadian clock plays an essential role to detect short-day time cues that are necessary to enhance the expression of PIF4 and PIF5 during the night-time, thereby promoting the elongation of hypocotyls in a short-day-specifi c manner. Based on these results, we propose a mechanism by which the elongation of hypocotyls is controlled through the circadian clock. In essence, the PIF4/PIF5-dependent photoperiodic response of hypocotyl elongation is best explained by coincidence between the clock-controlled internal and photoperiodic external time cues, as explained ( Fig. 7 ) . According to this coincidence model, the circadian clock properly controls opening/closing of the gate during the dark period for PIF4/5 expression in the wild type. In other words, the wild-type clock normally acts as a gatekeeper in such a manner that the short day conditions are required to open the gate to promote the elongation of hypocotyls. As a result, the wild-type clock regulates the hypocotyl elongation in a short-day-specifi c non-linear manner ( Fig. 1A ) . In the prr9 prr7 prr5 mutant, the clock is out of order so that the gate opens overnight, resulting in longer hypocotyls in proportion to the dark period ( Fig. 3C ). In the cca1 lhy mutant, the clock is defective in such a way that a much longer dark period is required to open the gate, resulting in shorter hypocotyls at a given photoperiod ( Fig. 8A ) .
Final verifi cation of this proposed model must await further experimentation, including characterization of PIF4 and PIF5 at the intrinsic protein level. At present, unfortunately, there is no means to do so properly with the wild-type plant ( Huq and Quail 2002 , Khanna et al. 2004 , Nozue et al. 2007 , Alabadi et al. 2008 , de Lucas et al. 2008 , Feng et al. 2008 . As mentioned earlier (see Fig. 7 ), it should also be noted that an as yet unidentifi ed factor other than PIF4 and PIF5 most probably plays the redundant role in this model (see also Fig. 6A ), because the photoperiodic response of hypocotyl elongation is still observed to some extent even in the pif4-101 pif5-1 double mutant. These critical problems remain to be resolved in the future. In the meantime, it will be of interest to address the physiological and ecological signifi cance of our fi ndings, as follows.
Daily and seasonal regulation of hypocotyl elongation
Daily and rhythmic elongation of seedling hypocotyls at the end of every night has recently been demonstrated ( Nozue et al. 2007 ) . In this respect, it should be emphasized that the main issue in the previous study was about the clock-controlled daily elongation of hypocotyls under a given light/ dark cycle, whereas the issue we address in this study was 
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whether the clock-controlled seasonal elongation of hypocotyls varied under light/dark photoperiod cycles. Taken together, it was revealed that the circadian clock-dependent coincidence mechanism is responsible for both the daily and seasonal control of plant growth in natural habitats, as also integrated into the model ( Fig. 7 ) .
Comparison with the clock-dependent photoperiodic control of fl owering time
The essence of this study is quite similar to the coincidence model underlying the photoperiodic control of fl owering time, in which the CO protein (instead of PIF4/5) serves as the critical integrator for both the clock and light signals (see Introduction). In fact, the set of clock-defective mutants exhibit an altered phenotype of fl owering time ( Table 1 ). These facts imply that the circadian clock is capable of controlling multiple output pathways in a distinct fashion, depending on when the clock opens the gate for a given pathway. In the photoperiodic control of fl owering time, the clock opens the gate during extended evening in long days for CO expression so as to be stabilized coincidentally at that time in the presence of light ( Valverde et al. 2005 ). The proposed mechanism underlying the photoperiodic control of hypocotyl elongation is a mirror image in that the same timer opens the gate during extended pre-dawn in short days for PIF4/5 expression so as to be stabilized coincidentally at that time in the absence of light ( Fig. 7 , and see also Niwa et al. 2007 ) . From the evolutionary viewpoint, therefore, the photoperiodic regulation of fl owering time and plant growth might be examples of sophisticated applications of the circadian clock system for adaptive responses, as further considered below.
Physiological signifi cance of clock-dependent photoperiodic control of hypocotyl elongation and plant growth
The circadian clock-mediated photoperiodic regulation was assumed to be important, not only for the control of hypocotyl elongation in young seedlings but also for wider aspects of photomorphogenesis ( Fig. 1D ). This mechanism might be implicated in a more global growth regulation of adult plants, which includes regulation of leaf expansion, petiole elongation, chloroplast development and perhaps production of plant mass. Here, we attempted to examine this assumption experimentally, as follows. The wild type (Col), prr9 prr7 prr5 mutant and CCA1ox transgenic plants were grown for a prolonged time (25-daysold) in varied photoperiods ( Fig. 9A ). For these adult plants, their hypocotyl lengths were measured ( Fig. 9B, C ) . Notably, the characteristic photoperiodic response curves were observed, the profi les of which were essentially the same as those observed for young seedlings (see Fig. 3B, C ) . Furthermore, the pif4-101 pif5-1 double mutant plants (21-days-old) showed considerably shorter hypocotyls in every photoperiod tested ( Fig. 9D ) , the results being consistent with those of pif4-101 pif5-1 young seedlings (see Fig. 7 ).
More interestingly, it was apparent that the overall plant growth including leaf development in the clock-defective mutants was attenuated (or affected) more rapily and severely in response to changes in photoperiods, as compared with the case of wild-type plants (see the images in Fig. 9A ). In other words, the morphological development of wild-type plants was less affected by changes in photoperiod. Hence, it is conceivable that the circadian clock modulates overall plant growth by functioning as a sophisticated buffer against changes in photoperiod. Such a clock-dependent prevention of rapid attenuation of plant growth in short-day conditions may be an important adaptive response. Keeping this in mind, it will be of interest to consider the ecological signifi cance (or evolutionarily selective advantage) for the clock-dependent photoperiodic control of plant growth.
Ecological signifi cance of clock-dependent photoperiodic control of plant growth
To speculate on the ecological signifi cance of the photoperiodic response of plant growth (or hypocotyl elongation), the following general point should fi rst be considered from the Darwinian viewpoint, because nothing in biology makes sense except in the light of evolution, as Dobzhansky has emphasized in his report (1973) . The question is, namely, which aspect of the clock-controlled photoperiodic response is 'evolutionarily adaptive'? (i) The acceleration of hypocotyl in short days may be an important adoptive response. (ii) In contrast, the prevention of rapid elongation of hypocotyls and/or rapid attenuation of growth in response to seasonal changes may be more important, as discussed in Fig. 9 . In any case, as recently considered by Robertson et al. (2009) , preferential cell elongation (or hypocotyl elongation) during the night of short days may have certain adaptive advantages. They pointed out the following: (i) turgor pressure of the cell, which is the driving force for cell elongation, is highest prior to dawn when there is minimal loss of water from the closed stomata; and (ii) preferential growth during the night of short days might also allow plants to use carbon sources judiciously (e.g. starch), which are stored in the daytime in anticipation of night-time demand for growth ( Smith and Stitt 2007 ) . In this context, both the analogous coincidence mechanisms underlying the photoperiodic regulation of plant growth and fl owering time might be advantageous for proper seasonal switching of vegetative growth to reproductive seed and/or fruit development ( Hotta et al. 2007 , Pouteau et al. 2008 ). More specifi cally, the clock-controlled season-dependent switching 'from source to sink' might be potentially advantageous for the plant life cycle, because this will maximize accumulation of carbon source, body growth, seed set and successful survival and revival of descendants, eventually ( Robertson et al. 2009 ).
The photoperiodic control of plant growth might also be relevant to shade avoidance, through which the elongation of hypocotyls and internodes is accelerated to escape from the canopy (or competitive neighborhoods) ( Franklin 2008 , and shade avoidance also promotes the fl owering time through modulating the photoperiodic pathway ( Johnson et al. 2008 ) . Through both the coincidence mechanisms, alternatively, plants might be able to adapt to their native habitat in high-latitude areas where photoperiods vary across a very wide rage. In fact, it was previously reported that CCA1ox seedlings are less viable under very short-day conditions ( Green et al. 2002 ) . In any case, the circadian clock-dependent photoperiodic controls of plant growth and development may confer ecological fi tness to plants growing in natural habitats.
Materials and Methods
Plant lines and growth conditions
Arabidopsis thaliana mutants and transgenic lines used in this study are listed ( Table 1 , also see Yamashino et al 2008 ) . They are all in the Col background. Seeds were sown on gellan gum plates containing MS salts with sucrose (1%) and kept at 4°C for 48 h in the dark. After the seeds were exposed to white light for 3 h to enhance germination, they were kept at 22°C for 21 h in the dark. They were then incubated in a multiple growth chamber consisting of eight compartments, all of which had been set equivalently at 22°C with 70 µ mol m -2 s -1 (CCFL white light). Each compartment was adjusted to varied photoperiods.
Preparation of RNA and qRT-PCR
Plants were grown on MS plates containing 1% sucrose under conditions of the light/dark cycle, as described previously. They were harvested at every appropriate interval to prepare total RNA. Samples were purifi ed with an RNeasy plant mini kit (Qiagen, Venlo, The Netherlands). To synthesize cDNA, RNA (1 µ g of each) was converted to cDNA with ReverTra Ace (TOYOBO, Osaka, Japan) and oligo(dT) primer. The synthesized cDNAs were amplifi ed with SYBR Premix Ex TaqII (TAKARA SHUZO CO., LTD., Kyoto, Japan) and a primer set using a MiniOpticon real-time PCR system (BioRad Laboratories, Hercules, CA, USA). The primer sets used in this study were, for PIF4 , 5 ′ -ATCATCTCCGACCGGTTTGC and 5 ′ -AGTGGCTCACCAACCTAGTG; for PIF5 , 5 ′ -GATGCA GACCGTGCAACAAC and 5 ′ -CTTTTATGCTTGCTTAGGCG; and for APX3 , 5 ′ -CTCCGTTCTCTCATCGC and 5 ′ -CAG AGATCGAGAGCGATC. The APX3 encoding an ascorbate peroxidase isozyme was used an internal reference. The following standard thermal cycling program was used for all PCRs: 95°C for 120 s, 40 cycles of 95°C for 10 s and 60°C for 60 s. The equipment used is a Stepone Plus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).
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